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Abstract
We briefly review the Coset Space Dimensional Reduction (CSDR) programme and the best model con-
structed so far and then we present some details of the corresponding programme in the case that the extra
dimensions are considered to be fuzzy. In particular, we present a four-dimensional N = 4 Super Yang Mills
Theory, orbifolded by Z3, which mimics the behaviour of a dimensionally reduced N = 1, 10-dimensional
gauge theory over a set of fuzzy spheres at intermediate high scales and leads to the trinification GUT SU(3)3
at slightly lower, which in turn can be spontaneously broken to the MSSM in low scales.
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1 Introduction
Since 1970’s there has been an intense pursuit of
unification, that is the establishment of a single the-
oretical model describing all interactions. Profound
research activity has resulted in two very interest-
ing frameworks, namely Superstring Theories [1] and
Non-Commutative Geometry [2]. Both approaches, al-
though developing independently, share common uni-
fication targets and aim at exhibiting improved renor-
malization properties in the ultraviolet regime as com-
pared to ordinary field theories. Moreover, these two
(initially) different frameworks were bridged together
after realizing that a Non-Commutative gauge theory
can describe the effective physics on D-branes whilst
a non-vanishing background antisymmetric field is
present [3].
Significant progress has recently been made re-
garding the dimensional reduction of the E8×E8 Het-
erotic String using non-symmetric coset spaces [4]-
[20], in the presence of background fluxes and gaug-
ino condensates. It is widely known that the large
number of Standard Model’s free parameters which
enter the theory, because of the ad hoc introduction
of the Higgs and Yukawa sectors, is a major prob-
lem demanding solution. This embarrassment can be
overcome by considering that those sectors originate
from a higher dimensional theory. Various frameworks
starting with the Coset Space Dimensional Reduction
(CSDR) [21–23] and the Scherk-Schwarz [24] reduc-
tion schemes suggest that unification of the gauge and
Higgs sectors can take place making use of higher
dimensions. This means that the four-dimensional
gauge and Higgs fields are the surviving components of
the reduction procedure of the gauge fields of a pure
higher-dimensional gauge theory. Furthermore, the
addition of fermions in the higher-dimensional gauge
theory leads naturally (after CSDR) to Yukawa cou-
plings in four dimensions. The last step in this uni-
fied description in high dimensions is to relate the
gauge and fermion fields, which can be achieved by
demanding that the higher-dimensional gauge theory
is N = 1 supersymmetric, i.e. the gauge and fermion
fields are members of the same vector supermultiplet.
In order to maintain an N = 1 supersymmetry af-
ter dimensional reduction, Calabi-Yau (CY) manifolds
∗Based on a talk presented at the International Conference "Quantum Field Theory and Gravity (QFTG’14)" (Tomsk, July 28 - August 3,
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serve as suitable compact internal spaces [25]. How-
ever, the moduli stabilization problem that arose, led
to the study of compactification with fluxes (for reviews
see e.g. [26]). Within the context of flux compactifica-
tion, the recent developments suggested the use of a
wider class of internal spaces, called manifolds with
SU(3)-structure. The latter class of manifolds admits
a nowhere-vanishing, globally-defined spinor, which
is covariantly constant with respect to a connection
with torsion and not with respect to the Levi-Civita
connection as in the CY case. Here we focus on an
interesting class of SU(3)-structure manifolds called
nearly-Ka¨hler manifolds.
The homogeneous nearly-Ka¨hler manifolds in six
dimensions have been classified in [27] and they
are the three non-symmetric coset spaces G2/SU(3),
Sp(4)/(SU(2)×U(1))non−max and SU(3)/U(1)×U(1)
and the group manifold SU(2) × SU(2). The lat-
ter cannot lead to chiral fermions in four dimensions
and therefore, for our purposes, it is ruled out of fur-
ther interest. It is worth noting that four-dimensional
theories resulting from the dimensional reduction of
ten-dimensional N = 1 supersymmetric gauge the-
ories over non-symmetric coset spaces, contain terms
which could be interpreted as soft scalar masses. Here
we will briefly describe the dimensional reduction of
the N = 1 supersymmetric E8 gauge theory over
the nearly-Ka¨hler manifold SU(3)/U(1)× U(1). More
specifically, an extension of the Minimal Supersym-
metric Standard Model (MSSM) was derived by dimen-
sionally reducing the E8 ×E8 gauge sector of the het-
erotic string [28].
Non-Commutative geometry is considered as an
appropriate framework for regularizing quantum field
theories, or even better, building finite ones. Unfor-
tunately, constructing quantum field theories on Non-
Commutative spaces is much more difficult than ex-
pected and, furthermore, they present problematic ul-
traviolet features [29], see however [30] and [31]. In
the beginning, several models of the type of Standard
Model were built making use of the Seiberg-Witten
map, but they could only be considered as effective
theories which were also lacking renormalizability. A
more promising use of Non-Commutative geometry in
particle physics occurred after the suggestion that it
would describe the extra dimensions [32]; see also [33].
This proposal motivated the construction of higher-
dimensional models which present many interesting
features i.e. renormalizability, potential predictivity,
etc.
In this framework has been developed a higher-
dimensional gauge theory in which those extra dimen-
sions are described by fuzzy spaces [32], i.e. matrix
approximations on smooth manifolds. The first step
was to find a manifold on which one would construct
a higher-dimensional gauge theory. The appropriate
one was the product of Minkowski space and a fuzzy
coset space (S/R)F . Afterwards, in order to achieve
the necessary dimensional reduction, was made use
of the CSDR scheme, which is described in the previ-
ous section. Although the reduction is performed us-
ing the CSDR programme, there is a significant differ-
ence between the ordinary and the fuzzy version: the
four-dimensional gauge group that appears in the first,
between the geometrical and the spontaneous break-
ing due to the four-dimensional Higgs fields, does not
appear in the latter. In the fuzzy CSDR scheme, the
spontaneous symmetry breaking occurs after solving
the fuzzy CSDR constraints, resulting in a non-zero
minimum of the four-dimensional potential. Thus, in
four dimensions, there remains only one scalar field,
the physical Higgs field, which does survive the spon-
taneous symmetry breaking. In the same way, regard-
ing the Yukawa sector, we have the welcoming results
of massive fermions as well as interactions among the
physical Higgs field and fermions (Yukawa interac-
tions). We conclude that in order to be able to repro-
duce the spontaneous symmetry breaking of the SM
in this framework, one would have to consider large
extra dimensions. A determinant difference between
ordinary and fuzzy CSDR is that a non-Abelian gauge
groupG is not necessary in the higher-dimensions the-
ory. The non-Abelian gauge theories in four dimen-
sions can originate from a U(1) group in the higher-
dimensional theory.
These theories are equipped with a very strong
advantage when compared to the rest higher-
dimensional ones, that is renormalizability. Argu-
ments leading to this result are given in [32], but the
strongest one was given after examining the issue from
a different perspective. In a detailed analysis, it was
established a renormalizable four-dimensional SU(N)
gauge theory in which we assigned a scalar multiplet
which dynamically develops fuzzy extra dimensions,
forming a fuzzy sphere [34]. The model develops non-
trivial vacua which are interpreted as 6-dimensional
gauge theory, in which geometry and gauge group de-
pend on the parameters that are present in the initial
Langrangian. We result with a finite tower of mas-
sive Kaluza-Klein modes, a result consistent with a
dimensionally reduced higher-dimensional gauge the-
ory. This model presents many interesting features.
First, the extra dimensions are generated dynamically
by a geometrical mechanism. This feature is based on
a result from non-commutative gauge theory, namely
that solutions of matrix models can be interpreted as
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non-commutative, or fuzzy, spaces. The above mech-
anism is very generic and does not need fine-tuning,
which means that supersymmetry is not involved. In
the renormalizable quantum field theory framework,
this constitutes a realization of the concepts of com-
pactification and dimensional reduction. Moreover,
since it is a large N gauge theory, every analytical
technique of this context should be available to be
applied. More specifically, it proves that the general
gauge group in low energies is SU(n1)×SU(n2)×U(1)
or SU(n). In this model, gauge groups that are formed
by more than two simple groups (apart from U(1)) are
not observed.
The features that emerged from the above mech-
anism are quite appealing, suggesting the construc-
tion of phenomenologically viable models in particle
physics. When addressed to this direction, one en-
counters a severe problem, that is the chiral-fermion
assignment in four dimensions. The best candidates
of the above category of models, when it comes to in-
serting the fermions, are theories with mirror fermions
in bi-fundamental representations of the low energy
gauge group [35]. Detailed studies on fermionic sec-
tors of models, which obey the mechanism of dynam-
ical generation of the extra dimensions with the fuzzy
sphere or a product of two fuzzy spheres, showed that
when extrapolating to low-energy, the fermionic sector
of the theory consists of two mirror sectors, even af-
ter the inclusion of the magnetic fluxes on the two
fuzzy spheres [36]. Although the presence of mir-
ror fermions does not exclude the possibility to ob-
tain phenomenologically viable models [37], it is cer-
tainly preferred to end up with exactly chiral fermions.
This is achieved by extending the above context and
by inserting an additional structure which is based
on orbifolds. Specifically, a Z3 orbifold projection of
a N = 4 SU(3N) SYM theory leads to a N = 1
supersymmetric theory with the gauge group being
the SU(3)3 [38]. In order to obtain specific vacua
in the N = 1 theory, required by interpreting the
theory as resulting from fuzzy extra dimensions, one
is normally obliged to introduce soft breaking super-
symmetric terms. This induces the dynamical gen-
eration of twisted fuzzy spheres. The introduction of
such soft breaking terms seems necessary in order to
build phenomenologically viable supersymmetric the-
ories, with MSSM being a very leading case. The vacua
that emerge give rise to models which preserve the fea-
tures described above, but also they accommodate a
chiral low-energy spectrum. The most appealing chi-
ral models of this kind are SU(4) × SU(2) × SU(2),
SU(4)3 and SU(3)3. The most interesting of those
unified theories seems to be the latter, which is de-
scribed by the trinification group. In addition, this
theory can be upgraded to a two-loop finite theory (for
reviews see [39], [40], [41], [42]) and moreover it is
able to make testable predictions [42]. Therefore, we
conclude that fuzzy extra dimensions can be used in
constructing chiral, renormalizable and phenomeno-
logically viable field-theoretical models.
2 The Coset Space Dimensional
Reduction
In the Coset Space Dimensional Reduction (CSDR)
scheme (see [21–23] for a detailed exposition) one
starts with a Yang-Mills-Dirac Lagrangian , with gauge
group G, defined on a D-dimensional spacetime MD,
which is compactified to M4 × S/R with S/R a coset
space. S acts as a symmetry group on the extra co-
ordinates and both S and its subgroup R, are Lie
groups. As far as the most general S-invariant met-
ric is concerned, it is always diagonal and depends
on the number of radii that each space admits. Re-
garding the coset of our interest (SU(3)/U(1)× U(1))
three radii R1, R2, R3 are introduced. According to the
CSDR framework, an S-transformation of the extra d
coordinates is a gauge transformation of the fields that
are defined on M4 × S/R, thus a gauge invariant La-
grangian written on this space is independent of the
extra coordinates. Fields defined in this way are called
symmetric. The initial gauge fieldAM (x, y) is split into
its components Aµ(x, y) and Aa(x, y), corresponding
to M4 and S/R respectively. Consider the action of a
D-dimensional Yang-Mills theory with gauge group G,
coupled to fermions defined on a manifold MD com-
pactified onM4 × S/R, D = 4 + d, d = dimS − dimR:
A =
∫
d4xddy
√−g
[
−1
4
Tr(FMNFKΛ)g
MKgNΛ +
i
2
Ψ¯ΓMDMΨ
]
,
(1)
where DM = ∂M − θM −AM , with θM = 12θMNΛΣMN
the spin-connection ofMD, FMN = ∂MAN −∂NAM −
[AM , AN ], where M, N run over the D-dimensional
space and AM and Ψ are D-dimensional symmetric
fields. Let ξαA, (A = 1, ..., dimS and α = dimR +
1, ..., dimS the curved index) be the Killing vectors
which generate the symmetries of S/R and WA the
compensating gauge transformation associated with
ξA. The requirement that transformations of the fields
under the action of S/R are compensated by gauge
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transformations, is expressed by the following con-
straint equations for scalar φ, vector Aα and spinor
ψ fields on S/R,
δAφ = ξ
α
A∂αφ = D(WA)φ, (2)
δAAα = ξ
β
A∂βAα + ∂αξ
β
AAβ = ∂αWA − [WA, Aα], (3)
δAψ = ξ
α
A∂αψ −
1
2
GAbcΣ
bcψ = D(WA)ψ , (4)
where WA depend only on internal coordinates y and
D(WA) represents a gauge transformation in the ap-
propriate representation of the fields.
The constraints (2)-(4) provide us [21,22] with the
four-dimensional unconstrained fields as well as with
the gauge invariance that remains in the theory af-
ter dimensional reduction. The analysis of these con-
straints implies that the components Aµ(x, y) of the
initial gauge field AM (x, y) become, after dimensional
reduction, the four dimensional gauge fields and fur-
thermore they are independent of y. In addition, one
can find that they have to commute with the ele-
ments of the RG, subgroup of G. Thus, the four-
dimensional gauge group H is the centralizer of R in G,
H = CG(RG). The Aα(x, y) components of AM (x, y)
denoted by φα(x, y) from now on, become scalars in
four dimensions and they transform under R as a vec-
tor υ, i.e.
S ⊃ R (5)
adjS = adjR+ υ (6)
Furthermore, φα(x, y) act as an interwining operator
connecting induced representations of R acting on G
and S/R. This implies, according to Schur’s lemma,
that the transformation properties of the fields φα(x, y)
under H can be found, if we express the adjoint rep-
resentation of G in terms of RG ×H:
G ⊃ RG ×H (7)
adjG = (adjR, 1) + (1, adjH) +
∑
(ri, hi) (8)
Then, if υ =
∑
si, where each si is an irreducible
representation of R, there survives a Higgs multiplet
transforming under the representation hi of H. All
other scalar fields vanish.
The analysis of the constraints imposed on spinors
[22, 43–45] is analogous to the scalar cases and im-
plies that the spinor fields act as interwining operators
connecting induced representations of R in SO(d) and
in G. In order to specify the representation of H un-
der which the four-dimensional fermions transform,
we have to decompose the representation F of the ini-
tial gauge group in which the fermions are assigned in
higher dimensions under RG ×H, i.e.
F =
∑
(ti, hi) (9)
and the spinor of SO(d) under R
σd =
∑
σj (10)
It turns out that for each pair (ri, σi), where ri and σi
are identical irreducible representations of R, there is
an hi multiplet of spinor fields in the four-dimensional
theory. Regarding the existence of chiral fermions in
the effective theory, we notice that if we start with
Dirac fermions in higher dimensions it is impossible
to obtain chiral fermions in four dimensions. Further
requirements must be imposed in order to achieve chi-
ral fermions in the resulting theory. Imposing the Weyl
condition in D dimensions, we obtain two sets of Weyl
fermions with the same quantum numbers under H.
This is already a chiral theory, but still one can go
further and try to impose Majorana condition in or-
der to eliminate the doubling of the fermionic spec-
trum. Majorana and Weyl conditions are compatible
in D = 4n+ 2, which is the case of our interest.
An important requirement is that the resulting
four-dimensional theories should be anomaly free.
Starting with an anomaly free theory in higher dimen-
sions, Witten [46] has given the condition to be fulfilled
in order to obtain anomaly free four-dimensional the-
ories. The condition restricts the allowed embeddings
of R into G by relating them with the embedding of R
into SO(6), the tangent space of the six-dimensional
cosets we consider [22, 47]. According to ref. [47] the
anomaly cancellation condition is automatically satis-
fied for the choice of embedding
E8 ⊃ SO(6) ⊃ R, (11)
which we adopt here.
2.1 Dimensional Reduction of E8 over
SU(3)/U(1)× U(1)
Let us next present a few results concerning the di-
mensional reduction of the N = 1, E8 SYM over
SU(3)/U(1) × U(1) [48]. To determine the four-
dimensional gauge group, the embedding of R =
U(1)× U(1) in E8 is suggested by the decomposition
E8 ⊃ E6 × SU(3) ⊃ E6 × U(1)A × U(1)B (12)
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After the dimensional reduction of E8 under
SU(3)/U(1)×U(1), according to the rules of the previ-
ous section, the surviving gauge group in four dimen-
sions is
H = CE8(U(1)A × U(1)B) = E6 × U(1)A × U(1)B
(13)
Similarly, the explicit decomposition of the adjoint rep-
resentation of E8, 248 under U(1)A × U(1)B provides
us with the surviving scalars and fermions in four di-
mensions. Eventually, one finds that the dimension-
ally reduced theory in four dimensions is a N = 1, E6
GUT with U(1)A, U(1)B as global symmetries. The po-
tential is determined by a tedious calculation [49,50].
The D-terms can be constructed and the F-terms are
obtained by the superpotential. The rest of the terms
in the potential could be interpreted as soft scalar
masses and trilinear soft terms. Finally, the gaug-
ino mass was also calculated and receives contribution
from the torsion contrary to the rest soft supersymme-
try breaking terms.
2.2 SU(3)3 due to Wilson flux
In order to reduce further the gauge symmetry, one
has to apply the Wilson flux breaking mechanism
[51–53]. Instead of considering a gauge theory on
M4 × B0 (B0 a simply connected manifold in our
case), one considers a gauge theory on M4 × B, with
B = B0/F
S/R and FS/R a freely acting discrete sym-
metry of B0. The discrete symmetries F
S/R, which act
freely on coset spaces B0 = S/R, are the center of S,
Z(S) and W = WS/WR, where WS and WR are the
Weyl groups of S and R, respectively. In the case of
our interest
FS/R = Z3 ⊆W (14)
The presence of the Wilson lines imposes further con-
straints on the fields of the theory. The surviving fields
are invariant under the combined action of the discrete
group Z3 on the geometry and on the gauge indices.
After the Z3 projection, the gauge group E6 breaks
to
SU(3)C × SU(3)L × SU(3)R (15)
(the first of the SU(3) factors is the Standard Model
colour gauge group). Moreover, one can obtain
three fermion generations by introducing non-trivial
monopole charges in the U(1)’s in R.
In ref [28] it was shown that the scalar potential
leads to the proper hierarchy of spontaneous break-
ing. Using the appropriate vev’s, a first spontaneous
symmetry breaking leads to the MSSM [54], while the
electroweak breaking proceeds by a second one [42].
It is worth noting that before the EW symmetry break-
ing, supersymmetry is broken by both D-terms and
F-terms, in addition to its breaking by the soft terms.
We plan to examine in detail the phenomenological
consequences of the resulting model, taking also into
account the massive Kaluza Klein modes.
3 Field theory orbifolds and fuzzy
spheres
Let us begin with reminding briefly how the orbifold
structure applies in field theory, and how this struc-
ture is related to the dynamical generation of fuzzy
extra dimensions. The reason is that we seek to end
up with chiral fermions in the case of construction of
models in particle physics.
We commence with a SU(3N) N = 4 supersym-
metric Yang-Mills (SYM) theory. The orbifold projec-
tion of this theory will be achieved by the action of
the (discrete) group Z3. The procedure is to embed a
discrete symmetry into the R-symmetry of the original
theory, i.e. SU(4)R. Due to this embedding, the pro-
jected theories we may end up with, may have different
amount of remnant supersymmetry [55]. For example,
supersymmetry is completely broken when Z3 is em-
bedded maximally in SU(4)R, while if it is embedded
in an SU(3) or SU(2) subgroup of the SU(4)R, it re-
sults to N = 1 or N = 2 supersymmetric theories,
respectively. In this contribution, we concentrate on
the N = 1 case, which is compatible with our prime
motivation, that is the construction of chiral models.
Projecting the initial theory under the discrete sym-
metry Z3 leads to a N = 1 SYM theory, in which the
only fields that remain are the ones that are invariant
under the action of the discrete group, Z3. For the
technicalities of this procedure see [38]. In the initial
N = 4 SYM theory, there are totally four superfields,
one vector and three chiral in N = 1 language. The
component fields are the gauge fields Aµ, µ = 0, . . . 3 of
the SU(3N) gauge group, three complex scalar fields
φi, i = 1, . . . 3, which are accommodated in the ad-
joint of the gauge group and in the vector of the global
symmetry and four Majorana fermions ψp, which are
assigned in the adjoint of the gauge group and the
spinor of the global symmetry. After the orbifold po-
jection, we end up with a theory which has differ-
ent gauge group and particle spectrum. In short, Z3
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acts non-trivially on the various fields depending on
their representations under the R-symmetry and the
gauge group [55]. The gauge group breaks down to
H = S(U(N) × U(N) × U(N)) and the scalar and
fermionic fields that survive, transform under the rep-
resentations
3 · ((NN¯, 1) + (N¯ , 1, N) + (1, N, N¯)) (16)
of the non-Abelian factor gauge groups, obtaining a
spectrum free of gauge anomalies. It is easily under-
stood that fermions belong to chiral representations
and that there is a threefold replication, meaning there
are three chiral families.
As for the F-term scalar potential of the N = 4 SYM
theory, we obtain
VF (φ) =
1
4
Tr
([
φi, φj
]† [
φi, φj
])
. (17)
After the projection, the potential VF remains prac-
tically the same, obviously containing only the terms
which describe interactions of the surviving fields. We
also have a contribution to the total scalar potential
from the D-terms, that is
VD =
1
2
D2 =
1
2
DIDI , (18)
with the D-terms having the form
DI = φ†iT
Iφi , (19)
where T I are the generators in the representation
of the corresponding chiral multiplets. Obviously,
vanishing both F-terms and D-terms, which means[
φi, φj
]
= 0, we obtain the minimum of the full
scalar potential, i.e. all scalar fields vanish in the
vacuum and therefore no spontaneous supersymme-
try breaking takes place. However, interesting vacua
are achieved by inserting soft supersymmetry break-
ing terms in the theory. Specifically, the scalar part of
the soft supersymmetric breaking sector is
VSSB =
1
2
∑
i
m2iφ
i†φi+
1
2
∑
i,j,k
hijkφ
iφjφk+h.c. , (20)
which obeys the orbifold symmetry. Therefore, the ex-
pression for the full scalar potential of the theory be-
comes now
V = VF + VD + VSSB , (21)
which can be equivalently written in the form
V =
1
4
(F ij)†F ij + VD , (22)
for suitable parameters, having also defined
F ij =
[
φi, φj
]− iεijk(φk)† . (23)
Due to the fact that the first term is always positive,
in order to obtain the global minimum of the potential,
the following equations must hold[
φi, φj
]
= iεijk(φ
k)† , (24)[
(φi)†, (φj)†
]
= iεijkφ
k , (25)
φi(φi)† = R2 , (26)
where (φi)† is the hermitian conjugate of the φi and
[R2, φi] = 0. The above relations are related to the
fuzzy sphere. This can be easily understood if we con-
sider the twisted fields φ˜i, which are defined by
φi = Ωφ˜i , (27)
for Ω 6= 1, satisfying the relations
Ω3 = 1 , [Ω, φi] = 0 , Ω† = Ω−1 ,
(φ˜i)† = φ˜i ⇔ (φi)† = Ωφi. (28)
Therefore, (24) converts to the relation of the ordinary
sphere [
φ˜i, φ˜j
]
= iεijkφ˜
k , (29)
which is generated by φ˜i and (26) becomes
φ˜iφ˜i = R2 . (30)
Expressions of φi which satisfy (24) have the following
form
φi = Ω(13 ⊗ λi(N)) , (31)
where λi(N) are the generators of the SU(2) group in
the N−dimensional representation. The matrix Ω is
Ω = U ⊗ 1N , U =

 0 1 00 0 1
1 0 0

 , U3 = 1 .
(32)
The true meaning of the above configuration is re-
vealed by diagonalizing the matrix Ω, that is
Ω˜3 := U
−1ΩU = diag(1, ω, ω2) . (33)
Therefore, (31) now becomes
φi =


λi(N) 0 0
0 ωλi(N) 0
0 0 ω2λi(N)

 . (34)
This form of φi indicates that there are actually three
identical fuzzy spheres, which are embedded with rel-
ative angles 2pi/3.
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The solution, (31), breaks completely the gauge
symmetry SU(N)3 (it could be considered as the Higgs
mechanism of the SYM theory), yet there exists a class
of solutions which do not break the gauge symmetry
completely, namely
φi = Ω
(
1⊗ (λi(N−n) ⊕ 0n)
)
, (35)
where 0n is the n × n matrix with zero entries. In
this case, the gauge symmetry breaks from SU(N)3 to
SU(n)3 with the vacuum being interpreted as R×KF ,
with an internal fuzzy geometry,KF , of a set of twisted
fuzzy spheres (in φi coordinates). It is possible that
this kind of vacua leads to a low-energy theory of high
phenomenological interest, see discussion in [38].
Summing up, we should emphasize the general
picture of the theoretical model. At very high-scale
regime, we have an unbroken renormalizable gauge
theory. After the spontaneous symmetry breaking, the
resulting gauge theory is an SU(3)3 GUT, accompa-
nied by an unsurprising finite tower of massive Kaluza-
Klein modes. Finally, the trinification SU(3)3 GUT
breaks down to MSSM in the low scale regime.
Acknowledgement
This research is implemented under the Research
Funding Program ARISTEIA, Higher Order Calcula-
tions and Tools for High Energy Colliders, HOCTools
and the ARISTEIA II, Investigation of certain higher
derivative term field theories and gravity models (co-
financed by the European Union (European Social
Fund ESF) and Greek national funds through the Op-
erational Program Education and Lifelong Learning of
the National Strategic Reference Framework (NSRF)),
as well as the European Union’’s ITN programme HIG-
GSTOOLS.
One of us, G.Z, would like to thank the organizers for
the warm hospitality.
References
[1] M. B. Green, J. H. Schwarz and E. Witten, Cambridge, Uk: Univ. Pr. ( 1987) 469 P. ( Cambridge Mono-
graphs On Mathematical Physics); D. Lust and S. Theisen, Lect. Notes Phys. 346 (1989) 1; J. Polchinski,
Cambridge, UK: Univ. Pr. (1998) 531 p; K. Becker, M. Becker and J. H. Schwarz, Cambridge, UK: Cam-
bridge Univ. Pr. (2007) 739 p; E. Kiritsis, Princeton University Press, 2007.
[2] A. Connes, Academic Press 1994; J. Madore, Lond.Math. Soc. Lect. Note Ser 257, 1 (2000).
[3] N. Seiberg and E. Witten,‘‘String theory and non commutative geometry,’’ JHEP 9909, 032 (1999)
[arXiv:hep-th/9908142].
[4] G. Lopes Cardoso, G. Curio, G. Dall’Agata, D. Lust, P. Manousselis and G. Zoupanos, Nucl. Phys. B 652
(2003) 5 [hep-th/0211118].
[5] K. Becker, M. Becker, K. Dasgupta and P. S. Green, JHEP 0304 (2003) 007 [hep-th/0301161].
[6] K. Becker, M. Becker, P. S. Green, K. Dasgupta and E. Sharpe, Nucl. Phys. B 678 (2004) 19
[hep-th/0310058].
[7] S. Gurrieri, A. Lukas and A. Micu, Phys. Rev. D 70 (2004) 126009 [hep-th/0408121].
[8] I. Benmachiche, J. Louis and D. Martinez-Pedrera, Class. Quant. Grav. 25 (2008) 135006
[arXiv:0802.0410 [hep-th]].
[9] A. Micu, Phys. Rev. D 70 (2004) 126002 [hep-th/0409008].
[10] A. R. Frey and M. Lippert, Phys. Rev. D 72 (2005) 126001 [hep-th/0507202].
[11] P. Manousselis, N. Prezas and G. Zoupanos, Nucl. Phys. B 739 (2006) 85 [hep-th/0511122].
[12] A. Chatzistavrakidis, P. Manousselis and G. Zoupanos, Fortsch. Phys. 57 (2009) 527 [arXiv:0811.2182
[hep-th]].
[13] A. Chatzistavrakidis and G. Zoupanos, JHEP 0909 (2009) 077 [arXiv:0905.2398 [hep-th]].
7
[14] B. P. Dolan and R. J. Szabo, JHEP 0908 (2009) 038 [arXiv:0905.4899 [hep-th]].
[15] O. Lechtenfeld, C. Nolle and A. D. Popov, JHEP 1009 (2010) 074 [arXiv:1007.0236 [hep-th]].
[16] A. D. Popov and R. J. Szabo, JHEP 1202 (2012) 033 [arXiv:1009.3208 [hep-th]].
[17] M. Klaput, A. Lukas and C. Matti, JHEP 1109 (2011) 100 [arXiv:1107.3573 [hep-th]].
[18] A. Chatzistavrakidis, O. Lechtenfeld and A. D. Popov, JHEP 1204 (2012) 114 [arXiv:1202.1278 [hep-th]].
[19] J. Gray, M. Larfors and D. Lust, JHEP 1208 (2012) 099 [arXiv:1205.6208 [hep-th]].
[20] M. Klaput, A. Lukas, C. Matti and E. E. Svanes, JHEP 1301 (2013) 015 [arXiv:1210.5933 [hep-th]].
[21] P. Forgacs and N. S. Manton, Commun. Math. Phys. 72 (1980) 15; E. Witten, Phys. Rev. Lett. 38, 121
(1977).
[22] D. Kapetanakis and G. Zoupanos, Phys. Rept. 219 (1992) 1.
[23] Y. .A. Kubyshin, I. P. Volobuev, J. M. Mourao and G. Rudolph, Lect. Notes Phys. 349 (1990) 1.
[24] J.Scherk, J.H.Schwarz, Phys.Lett. B82 (1979) 60
[25] P. Candelas, G. T. Horowitz, A. Strominger, E. Witten, Nucl. Phys.B 258, (1985) 46
[26] M. Grana, Phys. Rept. 423, 91 (2006), arXiv: 0509003[hep-th]; M.R. Douglas, S. Kachru, Rev. Mod. Phys.
79 (2007) 733 [hep-th/0610102]; R. Blumenhagen, B. Kors, D. L’ost, S. Stieberger, Phys. Rept. 445 (2007)
1 [hep-th/0610327]; F. Denef, arXiv:0803.1194 [hep-th]
[27] Butruille J. -B., [arXiv:math.DG/0612655].
[28] N.Irges and G.Zoupanos, Phys. Lett. B698, (2011) 146 [arXiv:hep-ph/1102.2220]; N.Irges, G.Orfanidis,
G.Zoupanos, arXiv:1205.0753 [hep-ph].
[29] T. Filk, Phys. Lett. B 376 (1996) 53; J. C. Varilly and J. M. Gracia-Bondia, Int. J. Mod. Phys. A
14 (1999) 1305 [hep-th/9804001]; M. Chaichian, A. Demichev and P. Presnajder, Nucl. Phys. B 567
(2000) 360 [hep-th/9812180]; S. Minwalla, M. Van Raamsdonk and N. Seiberg, JHEP 0002 (2000) 020
[hep-th/9912072].
[30] H. Grosse and R. Wulkenhaar, Lett. Math. Phys. 71 (2005) 13 [hep-th/0403232].
[31] H. Grosse and H. Steinacker, Adv. Theor. Math. Phys. 12 (2008) 605 [hep-th/0607235];H. Grosse and H.
Steinacker, Nucl. Phys. B 707 (2005) 145 [hep-th/0407089].
[32] P. Aschieri, J. Madore, P. Manousselis and G. Zoupanos, JHEP 0404 (2004) 034 [hep-th/0310072]; P.
Aschieri, J. Madore, P. Manousselis and G. Zoupanos, Fortsch. Phys. 52 (2004) 718 [hep-th/0401200].
[33] B.Jurco, P.Schupp, J.Wess, Nucl.Phys. B604 (2001) 148-180, [arXiv:hep-th/0102129]
[34] P. Aschieri, T. Grammatikopoulos, H. Steinacker and G. Zoupanos, JHEP 0609 (2006) 026
[hep-th/0606021].
[35] H. Steinacker and G. Zoupanos, JHEP 0709 (2007) 017 [arXiv:0706.0398 [hep-th]].
[36] A. Chatzistavrakidis, H. Steinacker and G. Zoupanos, Fortsch. Phys. 58 (2010) 537 [arXiv:0909.5559
[hep-th]].
[37] J. Maalampi and M. Roos, Phys. Rept. 186 (1990) 53.
[38] A. Chatzistavrakidis, H. Steinacker and G. Zoupanos, JHEP 1005 (2010) 100 [arXiv:1002.2606 [hep-th]].
[39] S. Heinemeyer,M.Mondragon and G. Zoupanos, Int.J.Mod.Phys. A29 (2014) 18, [hep-ph/1430032].
8
[40] M. Mondragon,N.Tracas and G. Zoupanos [arXiv:1403.7384 [hep-ph]].
[41] S. Heinemeyer,M. Mondragon and G. Zoupanos, SIGMA 6 (2010) 049 [arXiv:1001.0428 [hep-ph]].
[42] E. Ma, M. Mondragon and G. Zoupanos, JHEP 0412 (2004) 026 [hep-ph/0407236]; S. Heinemeyer, E. Ma,
M. Mondragon and G. Zoupanos, AIP Conf. Proc. 1200 (2010) 568 [arXiv:0910.0501 [hep-ph]].
[43] N.S. Manton. Nucl. Phys. B193, 502(1981).
[44] G. Chapline and R. Slansky. Nucl. Phys. B204, 461(1982).
[45] C. Wetterich, Nucl. Phys. B222, 20(1985); L. Palla, Z. Phys. C24, 345(1983); K. Pilch and A.N. Schellekens,
J. Math. Phys. 25, 3455(1984); P. Forgacs, Z. Horvath and L. Palla, Z. Phys C30, 261(1986); K.J. Barnes,
P. Forgacs, M. Surridge and G. Zoupanos, Z. Phys. C33, 427(1987).
[46] E. Witten, Phys. Lett. B144, 351(1984).
[47] K. Pilch and A. N. Schellekens, Nucl. Phys. B259, 673(1985); D. Luest, Nucl. Phys. B276, 220(1985); D.
Kapetanakis and G. Zoupanos, Phys. Lett. B249, 66(1990).
[48] D. Lu¨st and G. Zoupanos, Phys. Lett. B165 (1985) 309; D. Kapetanakis and G. Zoupanos, Z. Phys. C56
(1992); G. Douzas, T. Grammatikopoulos and G. Zoupanos, Eur. Phys. J. C59 (2009) 917
[49] P.Manousselis and G. Zoupanos, JHEP 0203 (2002) 002.
[50] P. Manousselis and G. Zoupanos, JHEP 0411 (2004) 025.
[51] N. Kozimirov, V. A. Kuzmin and I. I. Tkachev, Sov. J. Nucl. Phys. 49, 164(1989); D. Kapetanakis and G.
Zoupanos, Phys. Lett. B232, 104(1989).
[52] G. Zoupanos, Phys. Lett. B201, 301(1988).
[53] Y. Hosotani, Phys. Lett. B126, 309(1983); B129, 193(1983); E. Witten, Nucl. Phys B258, 75(1985); J. D.
Breit, B. A. Ovrut and G. C. Segre, Phys. Lett. B158, 33(1985); B. Greene, K. Kirklin and P. J. Miron, Nucl.
Phys. B274, 574(1986); B. Greene, K. Kirklin, P. J. Miron and G. G. Ross, Nucl. Phys. B278, 667(1986).
[54] K.S. Babu, X.-G. He and S. Pakvasa, Phys. Rev. D33 (1986) 763; G.K. Leontaris and J. Rizos, Phys. Lett.
B632 (2006) 710; J. Sayre, S. Wiesenfeld and S. Willenbrock, Phys. Rev. D73 (2006) 035013.
[55] S. Kachru and E. Silverstein, Phys. Rev. Lett. 80 (1998) 4855 [hep-th/9802183].
9
